Hot extraction with acetone was the most efficient method for the extraction of fucoxanthin from Phaeodactylum tricornutum. The purified compound resulted in three main peaks consisted of the trans form along with two isomers. The structure of microalgal fucoxanthin was similar to that of brown seaweed, but the ratio of trans-to cis-form was different. The ratio of the cis-form increased as the extraction temperature increased. Fucoxanthin was unstable at high temperature, in acidic condition, and after long period of storage. Fucoxanthin exhibited strong activity against BChE, with an IC 50 value of 1.97 mM and mixed inhibition type, whereas it had weak activity against AChE. The IC 50 value on reducing power was 0.01 mM, which was much stronger than those of the positive controls. When the amount of cis-isomer increased by 2%, the scavenging activity against DPPH, hydrogen peroxide, superoxide anion, and reducing power decreased by 21.0, 10.3, 16.0, and 19.7%, respectively. Therefore, fucoxanthin could be a useful approach for Alzheimer's disease treatment.
The brain of mammals contains two major forms of cholinesterases; acetylcholinesterase (AChE) and butyrylcholinesterase (BChE). Cholinesterase (ChE) inhibitors are currently the main pharmacological approach to the treatment of Alzheimer's disease (AD), offering a rational evidence-based approach to symptom management [1] . Acetylcholine (Ach) is a neurotransmitter inhibited primarily by AChE and secondly by BChE, considered to play a role in the pathology of AD [2] . Both AChE and BChE break down ACh and terminate its neurotransmitter action. Hence, it has been hypothesized that they may co-regulate levels of ACh. Therefore, AChE and BChE inhibitors have become the remarkable alternatives in the treatment of AD. However, anti-ChE agents such as physostigmine have been shown to have a small or short-term positive effect on cognitive functions [3] . On the other hand, the oxidative stress caused by reactive oxygen species is known to cause the oxidation of biomolecules leading to cell damage and also to play an important role in various neurodegenerative processes including aging, AD, and Parkinson's disease [4] .
Microalgae are being used as functional foods which are able to provide additional pharmacological and physiological benefits for human health [5] . Fucoxanthin is a xanthophyll, non-provitamin A carotenoid with allenic, conjugated carbonyl, epoxide, and acetyl groups in its molecule, and widely distributed in brown algae and diatoms [6] . Several studies have focused on the extraction and purification of fucoxanthin from macroalgae. To date, macroalgal fucoxanthin has been reported to exert beneficial effect in radical scavenging [7] , antiobesity [8] , anti-diabetic [8] , antiangiogenic [9] , and anticancer [10] . However, there are limited studies on microalgal fucoxanthin. The diatom P. tricornutum biosynthesizes fucoxanthin in a high proportion to the total carotenoid content [11] . This microalga can grow in seawater medium and on slant agar. However, P. tricornutum cells have a rigid cell wall structure [12] . Therefore, the objectives of this study were to investigate an efficient extraction method using cold and hot, and ultrasound extraction; identification; and stability at different pH, temperature and under different storage conditions. In addition, in vitro anticholinesterase activity of microalgal fucoxanthin was investigated and compared with antioxidant activities because neurodegeneration is strongly associated with oxidative damage.
Because various factors that affect the carotenoid composition of foods are of the most importance, the extraction procedure should be adapted to suit the food being analyzed [13] . Therefore, extraction solvents such as acetone, methanol, DMSO, and ethanol are generally used to extract fucoxanthin. The fucoxanthin content extracted with acetone was 17.6±0.01 mg/g, whereas those of DMSO, ethanol, and 80% methanol were 16.9±0.04, 7.8±0.3, and 5.3±0.4 mg/g, respectively (Table 1) . This agreed well with the results of Rebolloso-Fuestes et al. [14] , but different from those of Kim et al. [15] , both of whom extracted fucoxanthin from P. tricornutum. The extraction yield obtained in our study was 17.5-18.0 mg/g dry weight, which was much higher than the 0.69-2.7 mg/g dry weight of Rebolloso-Fuestes et al. [14] and 15.71 mg/g dry weight of Kim et al. [15] . In addition, the antioxidant activity of the crude fucoxanthin extracted with acetone was 90.2±1.3%, which was much higher than the 64.4±2.1, 77.7±4.5 and 82.5±1.7% of methanol, DMSO, and ethanol, respectively (Table 1 ). Hence, acetone was chosen to extract fucoxanthin for further analysis in this study. Three different methods for the extraction of fucoxanthin; cold and hot, and ultrasonic, were compared for their extraction efficiency. The hot soaking extraction (17.8±0.2 mg/g) was the most effective to extract the fucoxanthin from P. tricornutum, followed by ultrasonic extraction (8.6±0.05 mg/g) and cold soaking (5.2±0.1 mg/g) ( Table 2 ).
The fucoxanthin content of P. tricornutum in this study was 17.5-18.0 mg/g dry weight, which was much higher (0.69-2.7 mg/g dry weight) than that of Rebolloso-Fuestes et al. [14] . The nutritional composition of P. tricornutum is influenced by the culture conditions, mainly the residence time in the photobioreactor and the external irradiance intensity [14] . The content of microalgal fucoxanthin was much higher than those of the brown seaweeds Undaria pinnatifida (2.7 mg/g) [16] , Sargassum fusiforme (1.1 mg/g), S. confusum (1.6 mg/g), Leathesia difformis (0.3 mg/g), Sphaerotrichia divaricata (0.2 mg/g), and Desmarestia viridis (0.1 mg/g) [17] . The lower yield of fucoxanthin extraction by ultrasonic extraction might be due to the rigid cell wall of P. tricornutum, the type of solvent and extraction conditions. Sun et al. [18] reported that low extraction efficiency and degradation during ultrasound extraction may occur if conditions are not optimized. The physical properties (surface tension, viscosity, vapor pressure) of the solvent are main factors affecting extraction yield under ultrasound [18] . Therefore, the best solvent for ultrasound extraction should be selected based on the physical properties of each solvent.
The purified compound of P. tricornutum was identified as fucoxanthin by LC-MS at 450 nm and NMR. Peak identification of the purified compound was based on the retention time of an authentic standard used for calibration. Fucoxanthin (purity ~99%) produced from P. tricornutum was trans fucoxanthin (90.1%), which was the major component, along with two minor isomers (2.78 and 6.99%). The ratio of trans-fucoxanthin to its two isomers calculated by peak area was about 100:3:8, which was different from that of the edible brown seaweed Hijikia fusiformis (100:2:3) [7] . One reason behind this phenomenon is that heating is likely to cause the breakdown of the cellular matrix of the material and may also induce trans to cis isomerization [19] .
The extraction yield generally increases as extraction temperature increases [20] . The limiting factor for extraction temperature was the boiling point of the solvents used. For acetone, the maximum extraction temperature applied was 50°C, which was a little less than its boiling point of 56°C. However, if extraction temperature increases, the characteristics of the carotenoids can be affected, more specifically such as degradation and isomerization from alltrans to cis-isomer. This drawback was solved by comparing the structure of fucoxanthin at different temperatures, where the ratios of trans-fucoxanthin to its two isomer at 4, 40, 45 and 50°C were 100:1:6, 100:3:7, 100:3:8 and 100:3:10, respectively (Table 2) . Hence, the amount of cis-form increased as the extraction temperature increased. On the other hand, the ratio of tran-to cisfucoxanthin treated by ultrasound at 30°C was 100:3:7, which was the same as that of hot extraction at 40°C. Hence, ultrasound treatment also increased the cis-form of fucoxanthin. The mass spectrum revealed that the relative molecular weight of fucoxanthin was 658 da, according to m/z 657.3/658.3/659.3 [M-2H] + , [M-H] + , and [M+H] + . Two minor peaks were also found in the same mass spectrum, which were believed to be cis-isomers of fucoxanthin [6] . By comparing the 1 H-and 13 C-NMR spectral data of the isolated compound with those found in the literature [7, 21] , the purified compound was identified as fucoxanthin ( Figure 1 ).
Carotenoids are degraded easily by environmental factors such as temperature, light radiation and oxidizing agents. Fucoxanthin is highly susceptible to degradation by heat, low pH, and light exposure [22] . In this study, the stabilities of fucoxanthin were investigated at different pHs (pH 2.0, 4.0, 6.0, 7.0, 8.0, and 10.0) ( Figure 2A ), temperatures (25, 37, 50, 80, and 100°C) ( Figure 2B ), and two different storage conditions, at room temperature (25°C) and 4°C ( Figure 2C ). The stability of fucoxanthin was very low in acid conditions (pH 2.0-4.0), which was similar to the results of Hii et al. [23] , while more stable in neutral and alkaline (pH 6.0-10.0) conditions. This result agreed that the carotenoids were relatively stable at alkaline pH [24] . Additionally, acid is known to initiate carotenoids degradation in food and beverages, and promote transcis isomerization reactions which lead to the degradation of pigment [25] . Fucoxanthin was significantly degraded at 100°C, while no or a little change at 25 to 50°C ( Figure 2B ). There was also no or a little reduction of fucoxanthin content in the first two months of storage at both 4 and 25°C ( Figure 2C ). After two months, the contents of fucoxanthin decreased as storage temperature increased, implying that degradation may still proceed even in the absence of light. Lin and Chen [26] reported that the higher storage temperature resulted in faster degradation in which the amount of lutein decreased with increasing storage time. However, the addition of an antioxidant compound like ascorbic acid displayed the greatest pigment content retention in both dark and light condition [23] . Hence, fucoxanthin should be stored at a temperature below 4°C in alkaline conditions. AChE is one of the fastest known enzymes which catalyze the cleavage of acetylcholine in the synaptic cleft after depolarization. BChE activity progressively increases in patients with AD, while AChE activity remains unchanged or declined. Both enzymes therefore represent legitimate therapeutic targets for ameliorating the cholinergic deficit considered to be responsible for the declines in cognitive, behavioral and global functioning characteristic of AD [27] . The crude extracts of P. tricornutum had strong AChE and BChE inhibitory activities with IC 50 values of 1.65 and 1.43 mg/mL, respectively. Natajaran et al. [28] reported that the IC 50 values of the extracts from three seaweeds (Gracilaria gracilis, Sargassum, and Cladophora fasicularis) against both AChE and BChE were approximately 2 mg/mL. Meanwhile, the IC 50 values of physostigmine, as a cholinesterase inhibitor against AChE and BChE, were 1.78 and 2.35 μg/mL, respectively. However, the principal side effects of physostigmine involved in the gastrointestinal system include nausea, vomiting, cramp, and diarrhea [29] . Therefore, the natural active compounds are still considered as one of the best choices.
The major classes of anticholinesterase compound from natural source are alkaloids, terpenoids, glycosides and coumarins [30] . The anticholinesterase activity of fucoxanthin is shown in Figure 3 . Fucoxanthin had weak inhibitory activity against AChE, but strong inhibitory activity against BChE. However, a higher dose of fucoxanthin (4 mM) decreased the AChE inhibitory activity ( Figure  3A ). Fucoxanthin exhibited BChE inhibitory activity in a dosedependent manner ( Figure 3B) , with the IC 50 value of 1.97 mM and a mixed inhibition type (Figure 4 ). The inhibition constant (K i ), Michaelis constant (K m ), maximum velocity (V max ), dissociation constant (Ki), and catalytic constant (K cat ) values were 1.83 mM, 25.1 mM, 1.26 mM/min, 0.10 mM, and 0.05 min -1 , respectively ( Table 3 ).
The K cat is a direct measure of the conversion of substrate to product; K m indicates the binding strength of the enzyme to its substrate, and V max is the maximum velocity that an enzyme could achieve [31] . The above results indicate the possible beneficial role of fucoxanthin as a cholinesterase inhibitor and provide a new insight into its use as a therapeutic compound for AD. However, since the results reported herein were obtained in vitro, further studies need to be conducted in vivo. This is because if the structure of the compound is degraded in the human body by stomach acid or digestive enzymes, their inhibitory activity could be altered.
Oxidative stress is a general characteristic of a variety of neurodegenerative conditions and has been proposed as contributing to the pathogenesis and progression of AD. Therefore, antioxidants are prominent candidates for AD prevention and therapy [4] . In this study, the antioxidant activities of the P. tricornutum compound were investigated using several free radicals generated from different in vitro systems; DPPH, hydrogen peroxide, superoxide anion, and reducing power ( Figure 5A-D) . The scavenging activity of both the crude and the purified microalgal extract on DPPH radicals increased in a dose-dependent manner. The IC 50 value of the purified compound on DPPH radical scavenging activity was 0.30 mM, whereas those of ascorbic acid, BHA, and α-tocopherol, as positive controls, were 0.46, 0.26, and 0.11 mM, respectively. The IC 50 value (0.30 mM) of the microalgal fucoxanthin in this study was about 2 times higher than that of brown seaweed fucoxanthin (164.6 µM) [32] . The scavenging activities of the P. tricornutum crude and the purified compound on hydrogen peroxide were in a dose-dependent manner ( Figure 5B ). There was no difference in hydrogen peroxide scavenging activities between the crude and the purified compounds. The IC 50 values of fucoxanthin, ascorbic acid, BHA, and α-tocopherol on the hydrogen peroxide scavenging activity were 1.59, 0.64, 0.09, and 0.09 mM, respectively. The P. tricornutum crude extract and purified compound had similar superoxide radical scavenging activity in a dose-dependent manner ( Figure 5C ). Nonetheless, when compared with ascorbic acid, the superoxide scavenging activity of fuxoxanthin was moderately low. The IC 50 value of the purified fucoxanthin was 1.44 mM, whereas that of ascorbic acid was 0.62 mM. The reducing power assay has also been used to evaluate the ability of natural antioxidants to donate an electron. The reducing power of the crude and purified compounds increased with increasing concentrations, and at all concentrations, the OD value was less than 1.0, which was the same trend as those of the methanolic extracts [33] and in the ethanolic extract of brown seaweeds [34] . Furthermore, it was observed that the purified compound had higher reducing power than those of the crude extract, ascorbic acid, BHA, and α-tocopherol. This property is associated with the presence of reductones, which could react with free radical to stabilize and terminate radical chain reaction. In this study, fucoxanthin had similar potential to modulate inhibitory activity in both anticholinesterase and antioxidant activity. Fucoxanthin had lower antioxidant activities than the crude extracts except for reducing power, because of the synergistic interaction or multi-factorial effects of the compound [35] . The crude extract had remarkably stronger antioxidant activities than that of the purified compound, which may be due to the effect of polyphenol compounds (100 µg of gallic acid/g) in the crude extract. However, Yan et al. [7] reported that fucoxanthin was the major antioxidant of H. fusiformis, with a strong radical scavenging activity. Nomura et al. [36] indicated that fucoxanthin reacted with DPPH radical under anoxic condition, which exhibited the stronger scavenging activity than those of other carotenoids, but lower than α-tocopherol. Fucoxanthin was found to be a more potent DPPH radical scavenger than β-carotene, β-cryptoxanthin, zeaxanthin, lutein [36] , and halocynthiazanthin [32] . Furthermore, fucoxanthin had higher singlet oxygen quenching activity than α-tocopherol, but lower radical scavenging activity [32] . However, when the ratio of the cisisomer of fucoxanthin increased by 2% from 11 to 13%, the scavenging activity against DPPH, hydrogen peroxide, superoxide anion, and reducing power decreased by 21.0, 10.3, 16.0, and 19.7%, respectively (Table 4 ). Hence, the ratio of trans-to cis-form of fucoxanthin had a very strong effect on antioxidant activity.
Oxidative stress has been implicated in cognitive impairment and may be responsible for the development of AD in elderly people [37] . Therefore, antioxidants with cholinesterase inhibitory activity may have beneficial effects in the treatment of AD. Hence, the neuroprotective effect of fucoxanthin is mainly due to its antioxidant and butyrylcholinesterase inhibitory activities.
Experimental
Microalga: P. tricornutum was obtained from the Korea Marine Microalgae Culture Center (KMMCC, Seoul, Korea). The alga was cultivated in a 30 L plastic cylinder at 20°C, where air was continuously supplied at 5 L/min by air-lift. The light intensity provided by 60 W fluorescent lamps was maintained at 2,500 Lx. The alga was cultured in Conway medium containing NaNO 3, Na 2 (Na 2 C 3 H 5 (OH) 2 [38] , which was prepared with filter-sterilized seawater. The cultivation was continuously conducted for 5 days after onset. The cells precipitated by adding 200 ppm Al 2 (SO 4 ) 3 (v/v) were obtained by centrifuging at 1,600×g with a basket centrifuge (Hansung, Seoul, Korea) and then freezedried in a vacuum freezer-dryer (Hanil, Incheon, Korea). The sample was pulverized into powder by grinding in a mortar and stored at -80°C prior to extraction.
Purification and characterization of fucoxanthin: Three different methods were used to extract fucoxanthin from P. tricornutum. For conventional methods, including cold and hot extraction, 4 mL of acetone was added to 1.0 g of the freeze-dried sample in a test tube (15×150 mm), and then incubated for 2 h at 4°C (cold extraction) or 45°C (hot extraction). This mixture was centrifuged at 10000×g for 10 min to obtain the supernatant containing fucoxanthin. For ultrasonic extraction, 20 mL of acetone was added to 1.0 g of the freeze-dried cells of P. tricornutum in a conical tube (50 mL), and then sonicated in an ultrasonic reactor (MSONIC, Mirae Ultrasonic, Korea) where frequency, ultrasonic power, and duration time were set up at 35 MHz, 275 W, and 3 h, respectively. After sonication, the sample was centrifuged at 10000×g for 10 min to obtain the supernatant containing fucoxanthin. The extracts were pooled and filtered through Whatman No. 2 filter paper to remove cell and cell debris. Crude extract solutions were dried using a rotary evaporator under vacuum at 40°C. The dry extract (60 mg) was dissolved in 100 mL methanol for partition with water (10 mL) and n-hexane (100 mL) in methanol/water/n-hexane (10:1:10, v/v/v). The lower phase (methanol and water) was washed with n-hexane several times until colorless. The methanol/water phase (110 mL) was concentrated using a rotary evaporator under vacuum and loaded onto silica gel column (2.0×30.0 cm), and then eluted with 100 mL of n-hexane/acetone (6:3, v/v) to obtain fucoxanthin. The structure of the purified compound was determined by LC-MS (HP-1100MSD, Agilent Technologies, Santa Clara, CA, USA) equipped with a vacuum degasser, binary pump, auto-injector, diode array detector, and coupled to an Agilent VL mass selective detector. Separation was conducted by injecting 10 μL of sample to an Eclipse XDB-C 18 column (4.6×150 mm, 5.0 µm; Agilent Technologies, Santa Clara, CA, USA), and eluted with methanolacetonitrile (70:30, v/v) at a flow rate of 0.8 mL/min. For the detection of fucoxanthin, the absorbance was monitored at 450 nm.
Fucoxanthin content:
An aliquot of the extract (10 μL) was applied to a HPLC system (TRILUTION LC 2.1, Gilson Inc., Middleton, WI, USA) with an ODS-80Ts column (4.6×150 mm, 5.0 µm; TOSOH, Tokyo, Japan). The mobile phase consisted of methanolacetonitrile (70:30, v/v) and the flow rate was 0.8 mL/min. For the detection of fucoxanthin, the absorbance was monitored at 450 nm. The fucoxanthin concentration was calculated from the following formula [13] :
where C x is the concentration of fucoxanthin, A x is the peak area of purified fucoxanthin, C s is the concentration of the standard, and A s is the peak area of the standard.
Biofunctional activities of microalgal fucoxanthin
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Stability of fucoxanthin:
The thermal stability of fucoxanthin was determined by incubating the fucoxanthin solution (1.35 mg/L in phosphate buffer, pH 7.0) at various temperatures (25-100°C) for 60 min in a water bath. After treatment, the aliquots were cooled in cold water. For pH stability, the initial pH of fucoxanthin was adjusted to the desired pH (pH 2.0, 4.0, 6.0, 7.0, 8.0, and 10.0) using the following buffers: sodium citrate (pH 2.0-4.0), sodium phosphate (pH 6.0-8.0), and glycine-NaOH (pH 10.0), and then incubated at 37°C for 60 min. Storage was carried out at 2 different temperatures (4 and 25°C) for up to 6 months in the dark. 
DPPH radical scavenging activity:
The DPPH radical scavenging activity of the crude extract and the purified compound was determined using a stable free radical, DPPH, according to the slightly modified method of Blois [40] . The extract (2.0 mL, 0.1-1.0 mg/mL) in methanol was mixed with 2.0 mL of methanol solution containing DPPH radical, resulting in a final concentration of 0.15 mM DPPH. The mixture was incubated for 30 min at room temperature in the dark, and the absorbance was then measured at 517 nm against a blank using a V-530 Jasco spectrophotometer (Jasco Co., Tokyo, Japan). The ability to scavenge the DPPH radical was calculated as a percent DPPH scavenging using the following equation; Inhibition (%) = 100, where A 0 and A 1 were the absorbance of the control and the sample, respectively. The DPPH radical scavenging activity was compared with the standards; ascorbic acid, BHA, and α-tocopherol.
Hydrogen peroxide scavenging activity: Hydrogen peroxide scavenging activity of the crude and the purified compound was examined according to the method of Muller [41] . One hundred μL of the sample solutions (0.1-1.0 mg/mL) was added to 100 μL of 0.1 M phosphate buffer (pH 5.0) and mixed in a 96-microwell plate. Then, 20 μL of 2 mM hydrogen peroxide was added. The reaction mixture was incubated at 37°C for 5 min. After the incubation, 30 μL of 1.25 mM ABTS and 1.0 unit/mL peroxidase were added, and then incubated at 37°C for 10 min. The absorbance was read with an ELISA reader (BioTek instruments, Winooski, VT, USA) at 405 nm. The ability to scavenge the hydrogen peroxide radical was calculated as above.
Superoxide anion scavenging activity: Superoxide anion scavenging activity was determined by measuring the inhibition of the auto-oxidation of pyrogallol according to the slightly modified method of Marklund and Marklund [42] . Sample solution (0.3 mL) and 2.61 mL of 50 mM phosphate buffer (pH 8.24) were added to freshly prepare 90 μL of 3 mM pyrogallol (dissolved in 10 mM HCl). The inhibition rate of pyrogallol auto-oxidation was measured at 325 nm. Absorbance of each extract was recorded at 1 min intervals for 10 min and the increment of absorbance was calculated by the difference (the absorbance at 10 min-the absorbance at the starting time). The ability to scavenge the superoxide anion radical was calculated as above.
Reducing power: Reducing power was determined according to the method of Oyaizu [43] . The crude or purified extract (1 mL, 0.1-1.0 mg/mL) in ethanol was mixed with 2.5 mL of 0.2 M phosphate buffer (pH 6.6) and 2.5 mL of 1% potassium ferricyanide, and then incubated at 50°C for 20 min. Afterwards, 2.5 mL of 10% trichloroacetic acid was added, and the mixture was centrifuged at 2000×g for 10 min. Finally, 2.5 mL of the upper layer solution was mixed with 2.5 mL of deionized water and 0.5 mL of 0.1% ferric chloride, and the absorbance of all sample solutions was measured at 700 nm against a blank.
